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A strong, far-detuned laser can shift the energy levels of an optically active quantum system via
the AC Stark effect. We demonstrate that the polarization of the laser results in a spin-selective
modification to the energy structure of a charged quantum dot, shifting one spin manifold but not
the other. An additional shift occurs due to the Overhauser field of the nuclear spins, which are
pumped into a partially polarized state. This mechanism offers a potentially rapid, reversible, and
coherent control of the energy structure and polarization selection rules of a charged quantum dot.
Quantum confined spins are regarded as potential can-
didates for quantum information applications [1–3]. The
spin eigenstates could act as the two states of a qubit,
and they can be manipulated and measured by magnetic
and optical fields. In an epitaxially grown quantum dot
(QD), the Zeeman splitting due to an external magnetic
field is commonly used to control the selection rules of
the optical transitions, and lasers can then control the
spin in a variety of ways [4]. Depending on the mag-
netic field orientation the spin can be initialized [5, 6],
coherently manipulated [7–9], or measured via fluores-
cence [10]. Unfortunately, the magnetic field orientations
necessary for manipulation and measurement are orthog-
onal. Coherent manipulation requires a field transverse
to the growth direction (Voigt configuration), while flu-
orescent measurement requires a field along the growth
direction (Faraday configuration). The Voigt configura-
tion lacks cycling transitions that preserve the spin [4, 5],
which makes single-shot measurement of the spin state
nearly impossible. The Faraday configuration lacks al-
lowed optical transitions that link the spin manifolds [4],
which precludes universal coherent optical manipulation
of the spin orientation.
A potential solution for this impasse is to use the AC
Stark effect to adjust the energy levels of the QD [11]. A
strong, circularly polarized, far-detuned laser could apply
a spin-selective energy shift. If this shift is significantly
larger than the Zeeman splitting in a Voigt configuration,
the system will convert to a pseudo-Faraday configura-
tion [12], where the energy structure, eigenstates, and
polarization selection rules are similar to those caused
by a longitudinal magnetic field. The same reconfigura-
tion could be accomplished in the field due to the local
nuclear spins in the QD [9]. The reconfiguration depends
on the power of the laser field, so it is reversible and it
can be applied or removed rapidly over a few nanosec-
onds. That would allow switching between manipulation
and measurement of an electron spin.
Here we experimentally demonstrate spin-selective AC
Stark shifts applied to a charged QD. The transition fre-
quency of one spin manifold shifts by more than 20 GHz,
which is much larger than the 1 GHz linewidth, while
the other transition is not shifted by the AC Stark effect.
The polarization, power, and detuning of the laser caus-
ing the AC Stark effect determine the shifts of the transi-
tions. Linear polarization shifts both transitions equally,
while circular polarization shifts only one of them. Red-
detuning of the laser causes a blue-shift of the transition,
while blue-detuning causes a red-shift. In addition to the
AC Stark shift, we observe another energy shift caused
by dynamic polarization of the nuclear spins of the atoms
comprising the QD. The direction of the nuclear polar-
ization is determined by the polarization of the AC Stark
laser.
The QDs studied here are self-assembled InGaAs QDs
embedded in a 1-λ planar microcavity formed by two
AlGaAs/GaAs distributed Bragg reflectors (DBRs). The
QD layer is located in the middle of the GaAs cavity
between the DBRs, while the top (bottom) of the cavity
is p-doped (n-doped), forming a p-i-n-i-n diode structure
around the QDs. The sample is etched in two areas to two
different depths so ohmic contact can be made directly
to the doped regions of the cavity; we probe a QD in the
un-etched area. A bias voltage can be applied across the
diode to deterministically charge the QD with a single
electron that tunnels in from the n-doped region [13].
All measurements described here were performed using a
bias in the center of the voltage range where the QD is
negatively charged.
A resonant laser is coupled into the waveguide mode of
the microcavity through the cleaved edge of the sample.
This allows discrimination between the waveguide mode
that contains the excitation laser, and the Fabry-Perot
mode that contains the QD fluorescence [11, 14]. This
method has an advantage over schemes that use polariza-
tion to discriminate between fluorescence and laser scat-
tering [15, 16] because it provides full polarization free-
dom to the measurement. The resonant laser is used to
coherently excite the QD and cause fluorescence. Scan-
ning that laser over the resonances and recording the
fluorescence intensity allows measurement of the excita-
tion spectrum of the QD and reveals the direction and
magnitude of any resonance shifts.
A second laser used to cause the AC Stark effect is in-
cident normal to the sample surface, anti-parallel to the
growth direction. Unless otherwise noted, this AC Stark
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FIG. 1. Schematic of charged quantum dot energy levels and allowed transitions for (a) no AC Stark laser, (b) a red-detuned,
linearly polarized AC Stark laser, and (c) a red-detuned, σ− polarized AC Stark laser. ∆ is the detuning of the AC Stark
laser from the QD resonance, Ω is the Rabi frequency of the AC Stark laser, and δAC is the induced AC Stark shift of the σ−
transition.
laser is far red-detuned from the QD transitions so as to
minimize population of the excited states; blue-detuning
causes incoherent excitation of the excited states via
phonon coupling. A combination of polarizer and wave
plates provide control over the polarization state of the
AC Stark laser, which is used to selectively address one of
the QD transitions. The spectrum of the laser is cleaned
using a volume Bragg grating (VBG) to reflect only the
strong laser line, which reduces the intensity of the am-
plified spontaneous emission (ASE) at the frequency of
the QD transitions. The laser is then injected into the
collection path via transmission through another VBG
that is oriented to reflect the QD fluorescence into the
measurement spectrometer. There is scattering of the
AC Stark laser from the sample that must be attenu-
ated so it does not overwhelm the weak QD fluorescence
on the detector of the spectrometer. Even though the
laser is spectrally distinct from the fluorescence because
of the large red-detuning, the scattering is still strong
enough that without any attenuation the diffuse reflec-
tions within the spectrometer would cause a large noise
background. The same VBG that reflects the QD fluo-
rescence allows most of the AC Stark laser scattering to
transmit, reducing the intensity that reaches the spec-
trometer. A third VBG in the subsequent optical path
allows the fluorescence to transmit and reflects the AC
Stark laser line, further attenuating it. The result is that
the laser scattering that reaches the spectrometer detec-
tor is attenuated enough that it can be spectrally dis-
criminated from the QD fluorescence without requiring
polarization discrimination. The ASE at the frequency of
the QD is also attenuated sufficiently that even though it
is not spectrally distinct from the fluorescence, it is still
orders of magnitude weaker.
The energy structure of a negatively charged QD has
four energy levels as shown in Fig. 1(a). The two lower
levels are the spin projection eigenstates of a single
trapped electron. The two upper states are the spin
eigenstates of a negative trion: two electrons in a sin-
glet state and one heavy hole [4]. Without an external
magnetic field, there are two transitions allowed by con-
servation of angular momentum: one between the spin-
up states, which form the spin-up manifold; and one be-
tween the spin-down states, which form the spin-down
manifold. These are spin-preserving cycling transitions
in that a cycle of excitation and spontaneous emission
returns the system to the same spin state in which it
started. The cycling transitions are labeled σ+ or σ− by
the angular momentum gained by the QD during exci-
tation: ±1, measured along the growth direction. They
correspond to circular polarization of the light.
The AC Stark shift occurs when a far off-resonant laser
is applied to a transition in the regime where the mag-
nitude of the detuning, ∆ = ωlaser − ω0, is much greater
than the Rabi frequency of the interaction, Ω [12]. In
that case, the excited states are only weakly populated
to a degree Ω2∆ , and both the ground and excited states
involved in the transition are shifted in opposite direc-
tions by Ω
2
4∆ . The different power dependencies of the
excited state population and the resonance shift mean
that if Ω is large and ∆ Ω, then the shift can be large
even while the excited population is small. The shifts of
both states move the resonance frequency by δAC =
−Ω2
2∆ ,
which is the AC Stark shift we measure in the excitation
spectra below. When the laser is red-detuned (∆ < 0)
the AC Stark effect causes a blue-shift; when the laser is
blue-detuned (∆ > 0) it causes a red-shift. Figure 1(b)
shows the expected AC Stark shifts for a red-detuned,
linearly polarized laser. Both spin manifolds are affected
because linear polarization is a superposition of σ+ and
σ− light. Figure 1(c) shows the expected AC Stark shifts
for a red-detuned, σ− polarized laser. Only one spin man-
ifold is shifted by the AC Stark effect, and the magnitude
of the shift is twice as large as that for linear polarization
because the power of the laser is not split between two
transitions.
We measured the resonant excitation spectrum of the
QD without the AC Stark laser to obtain a reference
against which to compare the spectra under the influ-
ence of the AC Stark laser. The reference spectrum is
shown in Fig. 2(a) and zero detuning (δ = 0) is defined
as the center frequency of the peak. There are two de-
generate transitions in the reference spectrum, one for
each spin manifold. We then measured excitation spec-
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FIG. 2. Excitation spectra as functions of the resonant laser
detuning, δ. (a) Reference spectrum with no AC Stark laser.
(b) Spectrum with linearly polarized (piy) AC Stark laser.
(c) Spectrum with circularly polarized (σ−) AC Stark laser.
For these measurements, the detection polarization was linear
(pix), the detuning of the AC Stark laser was ∆/2pi = −1000
GHz, and the power was 2.38 mW.
tra while applying a linearly or circularly polarized AC
Stark laser with a red-detuning of ∆/2pi = −1000 GHz
and a power of 2.38 mW. The linear polarization shifts
both transitions equally so they remain degenerate, as
shown in Fig. 2(b). The circular polarization shifts one
transition to higher energy by a large amount while the
other transition remains near the reference frequency, as
shown in Fig. 2(c). The lower-energy transition is ac-
tually red-shifted slightly due to interactions with the
partially polarized nuclear spin ensemble of the atoms
comprising the QD. This is called the Overhauser shift
and is explained in greater detail below.
Figure 3 shows the center frequencies of the peaks
in the excitation spectra as functions of the AC Stark
laser power. The frequency shifts for both linear and
circular polarization can be seen for both red- and blue-
detuning of the AC Stark laser. All the shifts are linear
in the power of the AC Stark laser, as expected, because
Ω ∝ | ~E| and Ω2 ∝ power. For linear polarization and
red-detuning of the AC Stark laser, both transitions are
shifted to higher frequency by the same amount; for blue-
detuning both are shifted to lower frequency. For circular
polarization and red-detuning, one transition is shifted
to higher frequency by the combination of AC Stark ef-
fect and Overhauser field, while the other is shifted to
lower frequency by the Overhauser field alone. For blue-
detuning, both transitions are shifted to lower frequency,
one by just the Overhauser field (as with red-detuning)
and one by the combination of the AC Stark effect and
the Overhauser field whose shifts are in opposition. Thus
a blue-detuned AC Stark laser does not shift the affected
spin manifold by as much as a red-detuned AC Stark
laser. Regardless of the sign of the detuning of the AC
Stark laser, the Overhauser shifts are in the same direc-
tion by the same amount. That is conclusive evidence
that the observed shift is not due directly to the AC
Stark effect, whose polarity would change sign with the
detuning. The direction of the shift is consistent with
the Overhauser effect expected due to dynamic nuclear
polarization caused by electron spin pumping.
Figure 2(c) shows the excitation spectrum with a σ−
AC Stark laser applied. In this case the σ− (σ+) transi-
tion is blue- (red-) shifted from the reference frequency.
The difference in the peak heights seen here means that
the trapped electron has a non-zero time-averaged spin
polarization, which increases fluorescence from the σ+
transition. This implies that the electron spin is being
pumped into the spin-up manifold. The exact mecha-
nism of this spin pumping is not known at this time, but
will be the subject of future investigations. We note that
it is likely not due to the forbidden transition downward
from the |↑↓,⇓〉 trion state being weakly populated by
the AC Stark laser, as the magnitude of the Overhauser
shift seen in Fig. 3 is the same for both red- and blue-
detuning. If this forbidden transition were the source of
spin pumping we would expect to see a larger Overhauser
shift with blue-detuning due to the incoherent excitation
of the trion state via phonon coupling, as mentioned ear-
lier. One possibility for the spin pumping mechanism is
a process similar to that in Ref. [17] where excitation of
a forbidden transition is accompanied by a simultaneous
spin flip of the electron and one of the nuclear spins. In
this case the forbidden transition might be off-resonantly
excited by the strong AC Stark laser. This process would
result in the trapped electron spin being pumped into the
spin-up manifold, consistent with the difference in the
peak heights of Fig. 2(c).
The time-averaged electron spin polarization is trans-
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FIG. 3. Frequency shifts of excitation spectra peaks as func-
tions of the AC Stark laser power for red- or blue-detuning
(∆/2pi = ±1000 GHz), and linear or circular polarization.
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FIG. 4. Frequency shifts of excitation spectra peaks as a
function of AC Stark polarization using orthogonal circular
detection polarizations. The detuning of the AC Stark laser
was ∆/2pi = −1000 GHz and the power was 2.6 mW for these
measurements.
ferred to the nuclear spins by the contact hyperfine inter-
action [18]. The result is that the nuclear spin ensemble
acquires a non-zero time- and ensemble-averaged polar-
ization in the +z direction: 〈Iz〉 > 0. The polarization of
the nuclear spins causes an Overhauser shift of the elec-
tron and trion spin-states, which shifts the frequencies of
the two optical transitions. The spin-down electron state
|↓〉 is shifted to lower energies, while the spin-down trion
state |↑↓,⇓〉 is shifted to higher energies, leading to an
overall blue-shift of the σ− transition. The spin-up states
shift in the opposite directions, leading to an overall red-
shift of the σ+ transition. Note that the direction of the
Overhauser shifts depends only on the polarization of the
AC Stark laser—not its detuning—whereas the AC Stark
shifts depend on both the detuning and polarization of
the laser. With a red-detuned, circularly polarized AC
Stark laser, the Overhauser shift of the higher-frequency
transition is in the same direction as the AC Stark shift,
while the lower-frequency transition is shifted to lower
frequency. With a blue-detuned AC Stark laser of the
same polarization, the Overhauser shift is in the oppo-
site direction from the AC Stark shift. In both cases, the
transition unaffected by the AC Stark shift is shifted to
lower frequency by the Overhauser shift.
We can change the degree to which each transition
shifts by changing the polarization of the AC Stark laser.
Figure 4 shows the peak center frequencies as a function
of the polarization of the AC Stark laser. For these mea-
surements the laser power was 2.6 mW and it was red-
detuned with ∆/2pi = −1000 GHz. For each AC Stark
laser polarization, two excitation spectra were recorded,
one with σ− detection and one with σ+ detection. The
detection polarization in turn determines which transi-
tion energy was measured. For linear laser polarization
the transitions are nearly degenerate and blue-shifted
from the reference frequency, as expected. As the laser
becomes elliptically polarized the transitions split be-
cause the AC Stark effect influences them differently,
which also causes electron spin pumping. The polariza-
tion of the electron spin causes dynamic nuclear polar-
ization, and the Overhauser shift occurs. This is most
obvious for circular polarization where the splitting is
largest. In this case the lower-frequency transition is red-
shifted by the Overhauser effect to below the reference
frequency.
We have demonstrated that spin-selective AC Stark
shifts can be induced in a charged quantum dot using
a strong, circularly polarized, far-detuned laser. We
achieved a maximum splitting of approximately 20 GHz
between the two spin-preserving transitions, which is
large compared to the optical linewidth of about 1 GHz.
The magnitude of the shift is in practice limited only
by the amount of laser power that can be delivered to
the QD while still discriminating the scattering from the
fluorescence. We have optimized the efficiency of the
optical path and the focus of the laser beam to maxi-
mize the shift achieved in this particular realization. The
laser causing the shifts is red-detuned far enough that on
its own it does not produce sufficient fluorescence to be
measured above the noise background. However, the ob-
served Overhauser shift implies that the AC Stark laser
causes pumping of the electron spin. The electron spin
polarization in turn causes nuclear polarization and an
Overhauser field along the growth direction.
The AC Stark shift achieved here is in principle suf-
ficient to change the selection rules from the Voigt con-
figuration of a small in-plane magnetic field to a pseudo-
Faraday configuration with spin-preserving cycling tran-
sitions [12]. The capability to rapidly and coherently re-
configure the energy structure and polarization selection
rules of a charged QD enables a number of novel mea-
surements. For example, it would allow measurements
of electron and nuclear spin properties in zero magnetic
field. It is also possible that the enhanced spin state split-
ting caused by the effect could protect the electron spin
from magnetically induced dephasing [19]. In a larger
context, the capability of switching between Voigt and
Faraday configurations will allow the quantum optics re-
search community to investigate more complex control
and manipulation sequences for single-qubit operations.
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